Two genes of the meta pathway of phenol degradation were cloned from a phenol-utilizing strain of Bacilus stearothermophilus and were mapped by subcloning and by use of a TnS insertion mutation. They code for phenol hydroxylase and catechol 2,3-dioxygenase, respectively. The gene encoding catechol 2,3-dioxygenase, which is more thermostable than catechol 2,3-dioxygenase encoded by the other gene, shares rather limited homology with that from Pseudomonas putida.
Phenolic compounds are hazardous pollutants. Utilization and degradation of phenolic compounds by mesophiles were reported early in the 1950s (7) . The degradation pathways and regulatory mechanisms in metabolism of phenol, cresols, toluene, and xylenes in mesophiles have been extensively studied during the past 30 years, especially in pseudomonads (2-4, 13, 14, 18) . The benzene ring of toluene or related compounds may be cleaved by either the meta or the ortho pathway through the intermediate compound catechol or substituted catechols (17) . However, not as much information is available on thermophiles. Buswell and Twomey isolated a strain of Bacillus stearothermophilus capable of utilizing phenol and cresols (6) . Adams and Ribbons isolated a strain of B. stearothermophilus which degraded both phenol and benzoic acid (1). Gurujeyalakshmi and Oriel reported the isolation of a phenol-degrading B. stearothermophilus strain and the partial characterization of its phenol hydroxylase (10) . In this paper, we report the catabolic pathway of phenol degradation in a strain, FDTP-3, of B. stearothermophilus isolated from the effluent of the Nanjing Oil Refinery (19a) and the cloning and mapping of two genes relevant to the phenol degradation pathway.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this work are listed in Table 1 .
Culture media and culture temperature. Preparation of total bacterial DNA was performed as described by Saito and Miura (19) .
Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs or Sino-American Biotechnology Company. Reaction conditions were as described by Maniatis et al. (16) .
Isolation of DNA fragments from the gel was done as described by Guo and Wu (9) .
Southern transfer and hybridization were performed as described by Maniatis et al. (16) . The biotin labelling kit and the nick translation kit were purchased from Bethesda Research Laboratories, Inc. Labelling of probes with biotinyl-11-dUTP and detection of homology were done as recommended by the manufacturer (4a). Total DNA of donor strain FDTP-3, plasmid DNA of pFDA11, pPL392 carrying genexylE from Pseudomonas putida (11) , and other controls digested with BamHI were used for Southern transfer.
Transformation. Preparation of competent E. coli cells and plasmid transformation were performed as described by Maniatis et al. (16) .
Preparation of crude enzyme extract. Bacterial strains were grown overnight in liquid rich medium, supplemented with antibiotics when necessary, and pelleted. The pellet was suspended in 0.1 M phosphate buffer (pH 7.6) and pelleted once again. Fifteen grams (wet weight) was resuspended in 6.5 ml of the same buffer and was sonicated with a VirSonic 300 sonicator for 5 min. After being centrifuged for 15 min at 23,000 x g, the supernatant was used as the crude enzyme extract.
Detection of catechol 2,3-dioxygenase. FDTP-3 was spread on rich medium and incubated overnight. A 0.5 M catechol solution was sprayed onto the plate. After the yellow color of the colonies (as well as the surrounding medium) appeared, after incubation at 60°C for 5 min, the plate was eluted with a small amount of phosphate buffer (0.1 M, pH 7.6) and centrifuged. The supernatant was scanned with a Shimadzu UV-240 spectrophotometer. The yellowish compound 2-hydroxymuconic semialdehyde (HMS) gives a characteristic absorption peak at 375 nm.
Identification of catechol as an immediate degradation product of phenol. The crude extract prepared from E. coli K514(pTG402), which possesses catechol 2,3-dioxygenase activity like that of the mesophile P. putida (20) , was used to Catechol 2,3-dioxygenase activity of FDTP-3. The presence of catechol 2,3-dioxygenase activity in FDTP-3 was detected by scanning the eluent from the plate as described above. The curve reveals the characteristic absorption maximum of HMS at 375 nm. When distilled water was used instead of catechol solution, the eluent did not show the characteristic absorption maximum. The same characteristic absorption maximum was observed for the eluent of E. coli ED2196 harboring the plasmid pPL392, which carries gene xylE of P. putida encoding catechol 2,3-dioxygenase (11), while the eluent of E. coli HB101 harboring pBR322 gave no absorption maximum at 375 nm. It is known that the enzyme catechol 2,3-dioxygenase converts catechol to HMS. Therefore, it was concluded that FDTP-3 possesses catechol 2,3-dioxygenase activity.
It is known that the enzymes taking part in the degradation of hydrocarbons in P. putida are all inducible. Catechol 2,3-dioxygenase of FDTP-3 was found to be strongly induced by phenol or benzoic acid but not by benzene, toluene, p-cresol, or o-cresol (data not shown). It is interesting that benzoic acid cannot be used as the sole carbon source by FDTP-3. It is a gratuitous inducer.
Cloning of phenol degradation genes from FDTP-3. Phenol degradation genes from FDTP-3 were cloned on a shuttle plasmid, pFDC111 (Fig. 1) , by ligating the BamHI digest of pFDC111 and that of the total DNA from FDTP-3. pFDC111 was constructed from pFDC11 (12 with the ligation mixture was spread on a rich medium plate supplemented with AMP. After the rich medium plate was sprayed with catechol solution, five yellow colonies were obtained from among 1,558 transformants. Two of the yellow transformants harboring recombinant plasmids pFDA10 and pFDA11 were further identified on a plate containing AMP and KAN. Agarose gel electrophoresis of pFDA10 and pFDA11 digested with HindIII or BamHI gave exactly the same pattern (data not shown). A 6.4-kb insert was found in both plasmids.
With the biotinylated pFDA11 DNA as the probe, Southern hybridization was carried out against pPL392 or the total DNA of the donor strain. A hybridization signal between the donor DNA and the probe pFDA11 was evident, but only a very weak signal between pFDAll and pPL392 was observed (data not shown) despite the fact that they carry a gene encoding an enzyme with the same catalytic function.
The thermostability of catechol 2,3-dioxygenase encoded by pFDA17 (a derivative of pFDA13 [see Fig. 4 ]) was compared with that of the enzyme encoded by pTG402 (20) (Fig. 2) . It was found that the former enzyme was much more thermostable than the latter; thus, the origin of the cloned gene was further confirmed.
Restriction endonuclease analysis of plasmid pFDA13 showed that the 6.4-kb insert has four HindIII sites, three ClaI sites, two EcoRI sites, one EcoRV site, and one PvuII site. No BglII, PstI, or SalI site was found (see Fig. 4 map showing the location of the inserted TnS. pFDA13 was constructed by digesting the 6.4-kb insert from pFDA1l with BamHI and subcloning the fragment into the BamHI sites of pUC18. pFDA21 was obtained by digesting pFDA13 with EcoRI and subcloning the 3.7-kb fragment into the EcoRI site of pUC18. pFDA16 is a recombinant plasmid carrying the 2.75-kb fragment (from BamHI to the second HindIII site) from the 6.4-kb insert subcloned in pUC119 in a stepwise manner. pFDA17 (1.3 kb) was derived from pFDA16 by shortening the left terminal with the ExoIII-mung bean nuclease system. The sites of Tn5 insertion are indicated as follows: A, insertion within the genespheA andpheB; A, insertion outside both genes. Restriction cleavage sites: B, BamHI; E, EcoRI; C, ClaI; H, HindIII; P, PstI; EV, EcoRV; P/EV, PvuII and EcoRV very close to one another.
Catechol is the immediate degradation product of phenol in FDTP-3. Colonies of FDTP-3 grown on rich medium containing phenol were yellow. That phenol is degraded to HMS through catechol was proved by studying the cloned genes. pFDA21 is a recombinant plasmid subcloned from pFDA13 carrying a 3.7-kb fragment bordered by the two EcoRI sites (see Fig. 4 ). The crude extract (or resting cells) of E. coli MV1184(pFDA21) incubated with phenol at 60°C for 45 min gave no absorption maximum at 375 nm (Fig. 3, line 3) . However, on addition of the crude extract (or resting cells) of E. coli K514(pTG402), which carries the subcloned xylE gene from P. putida, an absorption maximum at 375 nm did appear after incubation at 37°C for 30 min (Fig. 3, line 2 ). This suggests that pFDA21 does not carry the catechol 2,3-dioxygenase gene but carries a gene encoding phenol hydroxylase that converts phenol to catechol, which is then converted to HMS by the enzyme catechol 2,3-dioxygenase, which exists in the extract of E. coli K514(pTG402). Therefore, it was suggested that FDTP-3 degrades phenol via the meta pathway as in P. putida, although it is not necessarily the only pathway.
Mapping of the genes on the 6.4-kb cloned fragment by subcloning. The colonies of E. coli MV1184 harboring the multicopy plasmid pFDA13 grown on rich medium supplemented with AMP and phenol were yellow. This suggests that the cloned 6.4-kb fragment carries at least two genes, pheA and pheB, coding for phenol hydroxylase and catechol 2,3-dioxygenase, respectively. pFDA16 and pFDA21 are subclones of the 6.4-kb fragment (Fig. 4) . E. coli MV1184 (pFDA16) grown on rich medium supplemented with AMP and phenol was not yellow. However, a yellow color appeared when MV1184(pFDA16) was grown on rich medium supplemented with AMP but without phenol and then sprayed with catechol solution. It was inferred that gene pheB, coding for catechol 2,3-dioxygenase, resides on pFDA16. Colonies (as well as the surrounding medium) of E. coli MV1184(pFDA21) were brown when streaked on rich medium supplemented with AMP and phenol. Furthermore, when E. coli MV1184(pFDA21) was inoculated on rich medium supplemented with AMP and phenol adjacent to an E. coli strain with only catechol 2,3-dioxygenase activity, such as E. coli MV1184(pFDA16), a yellow color appeared in the region of the latter. It is inferred that the brown is due to the accumulation of catechol (from its precursor, phenol), which is autooxidized to quinone substances in the presence of air, and that the yellow color is due to the conversion of catechol to HMS by the nearby strain with catechol 2,3-dioxygenase activity. It is therefore inferred that genepheA coding for phenol hydroxylase resides on pFDA21.
Transposon mutagenesis of the recombinant plasmid pFDA13. pFDA13 was used to transform the TnS-containing E. coli TnS Gmlo3A. Yellow transformants were selected from rich medium supplemented with AMP, KAN, and phenol and were spread on the same medium and incubated overnight. Bacterial mass was collected, and the plasmid DNA was extracted and used to transform E. coli TG1. White, yellow, and brown colonies were noticed on rich medium supplemented with AMP, KAN, and phenol. The white colonies were believed to be those with TnS inserted within gene pheA, the brown colonies were believed to be those with TnS inserted within gene pheB, and the yellow colonies were believed to be those with TnS inserted anywhere except in pheA or pheB. Fig. 4 , and the locations of the two genes were demonstrated.
DISCUSSION
The results reported here suggest that the metabolic pathway of phenol in the strain FDTP-3 is as shown in Fig.  5 . Attempts to detect the enzyme catalyzing the reaction following catechol 2,3-dioxygenase activity were unsuccessful. Catechol 2,3-dioxygenase is functionally the same as the enzyme encoded by xylE in P. putida, although its thermostability is quite different and the homology between the two genes is rather limited. Three different classes of insertion mutation can be visualized directly by the color developed on the plate. The site of Tn5 insertion seems to be unevenly distributed, particularly in the pheA gene. No polar mutant has been found; thus, we are not in a position to suggest whether these genes are organized into an operon or to suggest the direction of transcription.
